ABSTRACT. Discarded cigarette butts (DCB) waste occurs worldwide, pollutes landscapes, is unsightly, and results in added debris removal costs. There is, therefore, a great deal of current interest in making use of DCBs in beneficial ways. Despite evidence that DCBs are harmful to water fleas (Daphnia magna), which breed in aquatic environments as do mosquito larvae, their impact on dengue vectors is unknown. We examined whether Aedes albopictus alters its ovipositional responses, larval eclosion, and development in response to presence of DCBs in its habitats. We found oviposition activity in DCB-treated water similar to that of control water and that ovipositional activity in DCB solutions steadily increased over time as those solutions aged to 10 days. Larval eclosion was initially suppressed on day 1 in DCB solution, but increased thereafter to levels similar to control larval eclosion rates. The DCB-water solutions produced significantly higher mortality in both 1st and 2nd instars over control larvae for several days after initial exposure. Mortality rates decreased sharply 3 to 5 days postexposure as DCBs continued to decompose. We found increased survival rates during late development, but daily input of fresh DCBs prevented most young larvae from completing development. Taken together, these observations suggest that decomposing did not deter gravid Ae. albopictus females from ovipositing in treated containers and that DCB solutions had larvicidal effects on early instars. Our results are discussed in the context of DCB use to control container-breeding Ae. albopictus, a competent dengue vector in Asia and other parts of the world.
INTRODUCTION
Dengue fever and dengue hemorrhagic fever are acute febrile diseases transmitted by Aedes mosquitoes, e.g., Ae. albopictus (Skuse) (Hawley 1988) , which occur in tropical and temperate zones worldwide. Dengue fever is the fastest spreading mosquito-borne viral disease and is believed to be the next emerging global public health threat (Bast 2010) . Attempts have been made to control this disease through insecticide spraying of adults and larval habitats and through public health sanitation programs with limited success. Prophylactic drugs and vaccines to prevent infection currently do not exist (WHO 1999 , Chaturvedi et al. 2005 . Other reasons for failure include the emergence of insecticide resistance and the increasingly restricted use of mosquito control insecticide applications and materials driven by environmental protection agencies around the world (Gubler 2004) . The demand for more environmentally friendly methods has led to the search for new strategies to reduce the amounts of insecticides released into the environment. Attempts to control dengue vectors are currently focused on lethal ovitrap development and improvement of adult and larval surveillance devices (Fay and Eliason 1966, Ritchie et al. 2003) . Although mosquito surveillance with ovitraps has sometimes been successful, surveillance programs based solely on this strategy have been widely determined to be inappropriate for dengue vectors (Reiter 1986 , Savage et al. 2008 . Over the past decade, there has been increased interest in the use of lethal ovitraps consisting of water-filled black plastic cups containing an insecticide-treated oviposition substrate or ovistrip (Perich et al. 2003) . Their effectiveness has sometimes been demonstrated against gravid Ae. aegypti (L.) in both laboratory (Zeichner and Perich 1999) and wild populations (Perich et al. 2003) . Despite their sustained impact on dengue vector population densities under some conditions (Perich et al. 2003) , previous evidence exists that their incorporated cups do not become productive breeding sites for Ae. aegypti (Zeichner and Perich 1999) .
The larvae of container-breeding mosquitoes, including dengue vectors, use leaf detritus by browsing microorganisms contained in the biofilm on the leaf surface (Fish and Carpenter 1982) or by directly ingesting particulate matter (Kaufman et al. 1999) . After falling into a natural or artificial container, leaf substrate undergoes decomposition, which releases a number of compounds (Dieng et al. 2002b ) that are crucial to larval development (Walker et al. 1997) . Leaf litter that decays rapidly has been favorable for mosquito growth, resulting in quicker development and higher population sizes (Dieng et al. 2002b) . However, detrimental effects of some plant materials have also been reported in mosquitoes (Vasudevan et al. 2009 ), including Ae. albopictus (Dieng et al. 2002b ). This mosquito species has been incriminated in dengue epidemics in Asia and has become a major threat to public health worldwide (Hawley 1988 , Gubler 2004 , Bast 2010 . It is a species that is characterized by increased invasiveness (Reiter 1986) , which translates into an increased exposure to and utilization of various types of container as habitats (Dieng et al. 2010) . A common characteristic of these container habitats is that they are frequently found in domestic and peri-domestic environments.
In Southeast Asia, many artificial containers inside and outside homes and buildings commonly have discarded cigarette butts (DCB) due in part to the increasing prevalence of indoor smoking bans. This includes China, which has a population of 1.3 billion people and where, according to figures released by the United Nations, nearly 60% of all men smoke. As a result, the amount of cigarette refuse will increase in the coming decade (Cromar 2010 ) and this may concern Malaysia, where rigorous bans on indoor smoking have caused a shift in cigarette discarding behavior. In general, DCBs typically consist of about 30% of the original length of the cigarette. Most DCBs have a filter, some tobacco fiber, and sometimes ash. Filters are made of tightly packed cellulose acetate fibers (USDA 2010) and are intended to capture particulate smoke components (Xue et al. 2005) . Tobacco is processed from the leaves of plants in the genus Nicotiana (Philip Morris USA 2007) . Recently, it has been reported that the chemicals released into freshwater environments from DCBs are lethal to the water flea, Daphnia magna (Straus) (Register 2000) . Despite the similarities between mosquitoes and water fleas, i.e., both feed on decaying organic materials (Pennak 1978 , Clements 1992 , the effects of DCBs on the population dynamics of mosquitoes, particularly Aedes vectors, are largely unknown. In the present study, we examined the effects of decaying DCBs on ovipositional responses, egg hatching, and larval development of Ae. albopictus. Our aim is to examine whether the use of DCB waste can be used as an effective, inexpensive, and highly available resource to control Ae. albopictus larvae breeding in artificial containers so as to aid public health and community mosquito control organizations in the reduction of dengue transmission in regions where Ae. albopictus serves as a dengue vector.
MATERIALS AND METHODS

Aedes albopictus colony
The Ae. albopictus used in this study were obtained from a colony maintained at 29 6 3uC, 75 6 10% RH and light:dark (LD) 13:10-h photoperiod (with 1 h as dusk) in the insectary of the School of Biological Sciences, Universiti Sains Malaysia. For maintenance, larvae were raised at a density of 100 per plastic container (18 3 10 3 7 cm) filled with 1 liter of stored tap water. They were fed with 0.1-0.3 g of dried yeast every 3 days and the water was changed once per generation. Emerging adults placed in standard mosquito cages (45 3 45 3 35 cm) were given access to a 10% sucrose solution as a food source, and blood meals from restrained mice were provided to females 2 to 3 days after emergence. Eggs dried under insectarium conditions were stored at 13uC in the laboratory.
Experimental eggs were obtained from laboratory-collected fed females using procedures modified from other studies (Dieng et al. 2006) . Here, newly laid eggs were allowed to mature for 48 h. The experimental larval and pupal stages were produced following previous methods (Dieng et al. 2002a) . Experimental gravid females were obtained as follows: 2-day-old sugar-fed females were bloodfed on restrained mice in the presence of conspecific males. Engorged females were allowed to digest their meals for 48 h.
Discarded cigarette butts
For the study, DCBs were collected off of the ground and from public ashtrays and systematically classified according to brand. We used DCBs from Camel Filter Cigarettes, a brand of cigarettes that is produced by the American company R.J. Reynolds Tobacco (WinstonSalem, NC), with intact filters and at least 0.5 cm of unburnt tobacco.
Experimental procedures
We established a series of microcosms with experimental DCBs. Each microcosm consisted of a 250-ml round plastic container filled with stored tap water. The different DCB solutions were produced by soaking 1 experimental DCB in 100 ml of tap water and allowed to decompose for different periods of time (1, 2, 3, 4, 5, 6, 7, 8, 9 , and 10 days). For convenience, the microcosms of DCB solutions were named D1 (day 1), D2 (day 2), D3 (day 3), etc. At the end of each decomposition period, the DCBs were removed and the DCB water solution was used for bioassays. Four-to 5-day-old gravid females housed in mosquito rearing cages were provided with an ovipositional site consisting of a plastic container measuring 9 3 11 cm, lined with an ovipositional substrate (a piece of WhatmanH No. 1 filter paper [Whatman International, Maidstone, Kent, United Kingdom] and 50 ml of DCB solution). Oviposition containers were left in cages daily for the last 5 h of the LD 13:10-h photoperiod (from 2:00 p.m. to 7:00 p.m.).
Oviposition of Ae. albopictus in response to DCB decomposition
To determine whether decomposing DCBs affect the ovipositional responses of Ae. albopictus, 100 gravid females were given access to oviposition cups containing 50 ml of 1 of 4 DCB solutions (D1, D3, D6 to D9) and 1 cup containing tap water (serve as control, C). Cups were placed on a circle delimited at the bottom center of cages so that each cup was at equal distance from the nearest cup. Each oviposition test cup (with DCB solution) and control cup (with water) were replicated 15 times for each DCB time solution. A replicate was considered as 1 position of the 5 cups on the circle. At the end of the 5-h oviposition period, egg deposition was monitored by examining the oviposition substrates under a dissecting microscope to determine the number of eggs laid.
Larval eclosion of Ae. albopictus in response to DCB decomposition
To determine whether decomposing DCBs inhibit Ae. albopictus egg hatching, samples of 100 eggs were added to microcosms with 1 of the 10 DCB solutions (D1 to D10). Microcosms with the same number of eggs but containing tap water served as controls for each test solution. The DCB solutions and associated controls were replicated 10 times. After a 24-h flooding period, egg hatching was assessed by counting the numbers of 1st instars.
Mortality of larval and pupal Ae. albopictus in response to DCB decomposition
To assess the toxicity of decaying DCBs against the larvae and pupae of Ae. albopictus, DCB solutions of different decomposition stages were tested against 1st, 2nd, 3rd, and 4th instars and pupae in microcosms. Each microcosm contained 1 of the 10 DCB solutions (D1 to D10), 100 individuals of each developmental stage, and 0.2 g of dried yeast. Microcosms with the features (0.2 g of dried yeast and 100 test subjects) but containing only tap water were used as controls. Five replicates of each test microcosm (with DCB solution) and the associated control microcosm (with water) were tested. After a 24-h exposure period, survival was recorded for each developmental stage. As it is likely that eggs will hatch and develop, we examined whether increasing times of DCBs can block development in an experiment similar in design to the 1st experiment except that: 1) microcosms were 17 3 10 3 6 cm; 2) the experiment lasted 10 days; 3) starting from day 1 of the experiment, 100 eggs were added to all microcosms; 4) on day 2, after counting the numbers of dead and live larvae, we added a fresh DCB to each of the 10 microcosms; and 5) these procedures were followed throughout the experimental period. For each egg hatch trial involving DCB solutions, microcosms with the same dimensions and number of eggs but holding only tap water served as controls. Both test and control microcosms were replicated 3 times.
Decay of DCBs and water physicochemistry
This experiment was designed to examine the changes in pH and optical density of water holding decomposing DCBs. We produced 100 ml of each of the 10 DCB solutions as described earlier in Experimental procedures. Each solution was divided into 2 parts, which were used for measurement of pH and optical density in triplicate. Similar parameters were measured before the soaking of DCBs.
Data collection and analysis
In the oviposition experiment, the numbers of eggs laid in each of the different microcosms (DCB solution and control water) were counted under a dissecting microscope (Meiji EMZ; Meiji Techno Co. Ltd., Tokyo, Japan). In the larval eclosion experiment, the numbers of eggs that hatched in each of the different microcosms (DCB solution and control water) were established by calculating the percentage of eggs that hatched to produce 1st-stage larvae. In the ''mortality and continuous DCB input experiments,'' the numbers of individuals of a given stage of development found dead in each of the microcosms were counted and recorded as a percentage of the initial numbers. In the physicochemistry experiment, pH and optical density were measured before and during DCB decomposition using a HACH test kit (Hach Co., Loveland, CO). Mean values for each parameter were used as indicators of acidity and turbidity, respectively. The differences in oviposition, larval eclosion, mortality, acidity, and optical density responses were compared statistically by analysis of variance using the statistical software package Systat v.11 (Systat Software, Inc. 2004 ). Tukey's Honestly Significant Difference test was applied to separate means where necessary and P , 0.05 was taken to indicate statistical significance.
RESULTS
Effects of decomposing DCBs on the ovipositional responses of Ae. albopictus Figure 1 shows the ovipositional responses of Ae. albopictus in microcosms holding different aged solutions of DCBs and control water. The mean number of eggs deposited differed significantly between the microcosms with DCBs to those with control water (F 5 4.964, df 5 4, P , 0.05). Microcosms with DCBs tended to show greater numbers of eggs than control microcosms. Although Tukey's test revealed that there were no significant pairwise differences between the DCB solution and control water microcosms, the mean number of eggs laid in the DCB solution gradually increased with increasing DCB decomposition. However, the mean number of eggs deposited in the D6 (matrix of pairwise mean differences: 37.40, P 5 0.022) and D9 (matrix of pairwise mean differences: 51.40, P 5 0.001) microcosms was significantly higher than the numbers of eggs deposited in control water.
Effects of decomposing DCBs on larval eclosion of
Ae. albopictus Figure 2 shows the hatching responses of Ae. albopictus provided with different time solutions of DCBs. Larval eclosion varied significantly with decomposition level (F 5 11.40, df 5 4, P , 0.001). The mean number of hatched eggs was high in the control water and during the decomposition process of DCBs, the hatch rate was suppressed initially on day 1, but increased steadily thereafter.
Effects of decomposing DCBs on mortality of immature stages of Ae. albopictus-impact of increasing numbers of DCBs on its larval abundance
The mortality patterns of 1st and 2nd instars of Ae. albopictus raised in microcosms with decomposing DCBs are shown in Figure 3A . There was greater mortality of young larvae in DCB microcosms than in control microcosms. In microcosms with DCBs, larval death rates were significantly higher in 1st instars than in 2nd instars. For both instars, mortality tended to decrease as decomposition evolved. In DCB microcosms, 1st instars died at the highest rate within 24 h after DCB decomposition began. This level of lethality did not differ significantly from those recorded on days 2 and 3 after the start of DCB decomposition, but was much higher than mortality rate after 1 wk to 10 days following the beginning of DCB decomposition. Similar patterns of larval death were observed in DCB microcosms during the 2nd instar of larval development, but overall mortality rates were lower than those of 1st instars. As shown in Table 1 , survival of Ae. albopictus in DCB microcosms was nearly complete in 3rd and 4th instars and pupae; only a few 3rd instars died at the start of testing; thus, decomposition had a negligible effect on Ae. albopictus mortality on late-stage larval development. Figure 3B shows the prevalence of larval Ae. albopictus in microcosms with increasing amounts of DCBs. Larval survival was markedly higher in the DCB-free microcosms. In the DCB microcosms with continuous input of fresh DCBs, larvae were killed throughout the 10-day study period, except the 1st day of decomposition in which very few larvae were survived. 
Effects of decomposing DCBs on hydrogen ion concentration and turbidity of water
Water pH (F 5 58.13, df 5 10, P , 0.001) and optical density (F 5 124.38, df 5 10, P , 0.001) varied significantly during the decomposition of DCBs. Although slightly alkaline to neutral at the early phase of decomposition, the pH increased gradually up to day 7 and then decreased sharply thereafter toward neutral values (Fig. 4A) . Tukey's test showed that the pH did not differ significantly within the first 3 days of the decomposition process, but was significantly higher on the remaining days (Fig. 4A) . Visually, the turbidity of the water increased gradually as decomposition advanced, then decreased during the last 3 days of the experimental period (Fig. 4B ).
DISCUSSION
Our major finding is that DCBs have detrimental effects on the population dynamics of Ae. albopictus. The DCB microcosms tended to cause more egg deposition as decomposition progressed. Comparable egg hatching occurred in the microcosms with and without cigarette remains, but was significantly lower during the 1st day of DCB decomposition. The mortality rates of young larvae (1st and 2nd instars) were extremely high in the microcosms with cigarette remains compared to control larvae mortality, especially as decay advanced. Late developmental stages (3rd and 4th instars, pupae) were unaffected by DCBs, but increased amounts of DCBs prevented development completion of most young larvae.
Microcosms with the highest level of decomposition of DCBs (D6, D9) were significantly more attractive to gravid Ae. albopictus than were control microcosms (Fig. 1) . There has been a great deal of research regarding the factors that influence oviposition site selection of container breeders. In particular, color or optical density (Trimble 1979 ) and chemical properties (Sharma et al. 2008 ) of habitat contents have been shown to be the major cues considered by an ovipositing female in site choice for egg deposition. In fact, the color and physicochemistry of the water are markedly affected by the decomposition process. In the present study, the D1 solution was a darker color than the water in the control microcosms, and the darkness of the DCB solution increased gradually as decomposition progressed. Taken together, these observations suggest that DCB decomposition, a process by which labile substances are released, is a function of time. Therefore, the amounts of labile substances must be much higher in D9 than in D1. Increased levels of the decaying products are an indication of food availability and are very attractive to gravid females (Dieng et al. 2003) . Thus, it appears that the decomposition of DCBs generates visual stimuli interpreted by gravid Ae. albopictus as good indicators for egg deposition. In support of this suggestion, it has been shown that females of this mosquito species can assess the quality of a breeding site with respect to increased success for its offspring (Dieng et al. 2003) .
Egg hatching success was high and fairly constant throughout the decomposition process, but some variation was observed. Many factors come into play when egg hatching is considered. In particular, reduction in the level of dissolved oxygen has been shown to exert a major influence on egg hatching (Borg and Horsfall 1953, Dieng et al. 2006) . In the present study, the rate of egg hatching was significantly lower after 24 h of DCB decomposition. It has been suggested that DCBs begin leaching chemicals within 1 h of contact with water (McLaren 2005). Therefore, it seems possible that immediately upon immersion, DCBs release large amounts of labile substances, some of which act as hatching inhibitors by depleting bacterial populations. We used DCBs with intact filters made of synthetic plastic material and the unburnt tobacco portion. Although we did not assess the speed of decomposition of the filter and tobacco components, it is likely that they show differences in decomposition rate due to their composition. Indeed, the release of substances is likely to be much higher from tobacco leaves than from the filters. It should be noted that when smoked, the tobacco and additives produce a chemical complex made up of thousands of chemicals, including arsenic, acetone, benzene, cadmium, nitrobenzene, hydrogen cyanide, carbon monoxide, and formaldehyde (USEPA 1996) . Most of these toxic products are present in the filter and the unburned tobacco in a DCB. Differentially mediated chemical effects of DCB filter and its associated remnant tobacco on water fleas (Daphnia magna) has been well documented (Register 2000) . A series of experiments involving water fleas, smoked DCBs, and unused filters indicated that lethality was consistently greater in the presence of unburned tobacco on DCBs. It was also reported that chemicals leached from DCBs were not lethal to water fleas simply due to acidic conditions. This is in line with a report from Gerhardt (1993) stating that in aquatic ecosystems, acidic pH is often associated with reduced toxicity. It has been demonstrated that insects are more tolerant to acidic conditions than are crustaceans (Havas 1981) . In the present study, the pH was generally alkaline throughout the DCB decomposition process, especially after day 3. Based on this evidence and the results of previous studies, it seems likely that pH did play some role in the mortality patterns observed in the present study.
In oviposition experiments, most of the newly hatched larvae in DCB microcosms died, whereas their counterparts present in control microcosms showed almost 100% survival. Many chemicals of DCBs, including compounds absorbed by the filters, can function as toxicants (Register 2000) . In fact, a DCB contains a mixture of chemicals, including nicotine, which is toxic to a number of insects (Steppuhn et al. 2004 ). Owing to potent neurotoxic effects, nicotine and its derivatives, e.g., imidacloprid, have been widely used as insecticides (Steppuhn et al. 2004) . Thus, in reference to these reports, the discrepancies in survival seen here between DCB microcosms and DCB-free microcosms are more likely due to the release of chemical substances that function as larvicides. This needs to be further investigated because the discovery of biologically active DCB compounds may yield several new avenues for designing control strategies against insect pests.
The mortality rate of younger larvae of Ae. albopictus was markedly higher in the DCB microcosms. In control microcosms, survival of both 1st and 2nd instars was almost 100%. Older larvae (3rd, 4th instars) maintained an almost similar population size in both treated and control microcosms. Differences in susceptibility to phytochemicals have often been associated with larval age. Spielman and Lemma (1973) , while investigating the effects of butanol extract of soapberry plant (Phytolacca dodecandra (L'Hérit.)) on container-breeding mosquito species, reported that the soapberry plant extract was highly toxic to 1st and 3rd instars, but not to eggs or pupae. Similar observations were reported elsewhere (Pelah et al. 2002) . Although the differences in survival among the larval instars of Ae. albopictus are clear, they could be the result of dwelling behavior. Typically, older larvae and pupae dwell within the water body (Paaijmans et al. 2007) , whereas young larvae mostly stay at the bottom. In container ecosystems, fallen litter forms a layer at the bottom, which is also the site of the decomposition of DCBs. Therefore, the increased vulnerability of young larvae could be related to greater interactions with toxic factors leaching out of DCBs. It is interesting to note that continuous input of fresh cigarette butts into microcosms that already have decaying DCBs resulted in the survival of few young larvae.
This study was performed primarily to determine the effects of DCBs on the aquatic and adult stages of the dengue vector Ae. albopictus in order to examine their possible use as a control method. Our study demonstrated the efficacy of DCBsthey readily favor the deposition of eggs and reduce the survival of young larvae. Importantly, we demonstrated the attractiveness to ovipositing females of habitats containing decaying DCBs. Our results illustrate the potential of these toxic cigarette remnants to help in controlling this mosquito and possibly related mosquito vectors such as Ae. aegypti. The observation that DCBs can potentially attract ovipositing females and kill newly hatched larvae provides the impetus to promote the development of a lethal ovitrap incorporating DCBs. The development of a DCB lethal ovitrap could be a practical new device for the control of Aedes mosquito vectors breeding in artificial containers and has important environmental implications. If able to produce comparable results with lethal ovitraps, the use of DCBs in place of insecticide-treated ovipositional substrates (ovistrips) in lethal ovitraps has the potential to reduce insecticide use, thereby reducing costs in control programs.
Discarded cigarette butts, one of the commonest forms of refuse around the world, also present a great environmental concern (Novotny et al. 2009 , Zhao et al. 2010 ). They pose not only a serious threat to our water supplies, but also to fish and birds, which may mistake them for food (Faris and Hart, 1994) . Every year, about 845,000 tonnes of DCBs end up as litter worldwide (Jacobs 2009) . A DCB contains about 165 toxic chemicals, and the thermoplastic that forms 95% of cigarette filters (USEPA 1996) will probably never fully biodegrade (Novotny et al. 2009 ). Although several options are available to reduce the environmental impact of DCB waste (Novotny et al. 2009 ), their disposal is still very problematic (Zhao et al. 2010) . With the growing prohibition of indoor smoking, the adverse environmental impact of DCBs is expected to increase. As satisfactory strategies to reduce this impact may not be available in the near future, the need to turn this toxic waste into something useful has become urgent. This pressure has provided the impetus to investigate useful ways to recycle DCBs. Turning this source of pollution into a benefit has already produced encouraging results in the engineering chemistry industry, where Zhao et al. (2010) discovered a way to recycle the remains of cigarettes into anticorrosives, and in fashion design where DCBs have been transformed into stylish clothing. Using DCBs to suppress dengue vector populations through incorporation into lethal traps may be helpful to dengue control programs, cost effective, and implemented by local village populations with limited access to public health pest control support. This study represents the first formal attempt to use DCBs for mosquito vector control.
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